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THE EFFECT OF STICK—FORCE GRADIENT AND STICK GEARING
ON THE TRACKING ACCURACY OF A FIGHTER ATRPIANE

By Marvin Abramovitz and Rudolph D. Van Dyke, Jr.
SUMMARY

Steady straight—and—level and steady turning tracking runs agsinst
an aeriel target were made with an F-51H sairplene, equipped with a fixed
optical sight and having various combinations of maneuvering stick—force
and stick—deflection gradients.

Over the complete range of control—system parameters covered (stick—
force variastion of 0.2 to 5.9 pounds per g and stick—deflectlon varlation
of 0.07 to 0.70 inch per g), excellent tracking could be accomplished,
with standard deviations of pltch aim wander of less than 2 mils. Spectral
densities of control—surface motion and stick—force variation indicated
no significant or systematic variation of pillot's behavier or method of
moving the controls with the variations in the control—-system charecter—
istics.

INTRODUCTION

This investigation is an extenslion of previous studies of the
Influence of various serodynemic factors on the tracking sccuracy of
fighter airplanes (refs. 1. and 2). In these studies it was found thet,
in steady maneuvers with & fixed optical sight, excellent tracking wes
possible with a number of different airplane configurations and over a
large variation of filight conditions. However, since all the configur&—
tions tested met Unlted States Alr Force handling—-qualities specifica—
tions (ref. 3) over most of their operating range, only a relatively small
variation in control—force gradient was covered, especially in the low
force range. For this reason, the present lnvestigatlion was undertsken
in which the effect of variations in the elevator control—force gradient
on the tracking performence was studiled.

The scope of the investigation was 1imited for the most part to the
region of low to moderate stick—force gradients. In addition, the effects
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of various ratios of stilick—to—elevator deflection were Iinvestigated. It
was felt that the region of very low forces and very small stick deflec—
tions, where problems. of high control sensitivity could exist, was of
particular interest. Previous results (ref. 1 for the F-86A at high Mach
numbersg) indicated that satisfactory tracking could be achieved with
stick—force gradients high enough to be objectionable to the pilot (and
lying outside the satisfactory limits as set forth in reference 3), even
though 1t required the use of the adjustaeble stabllizer as a primary con—
trol to correct for gross errors. '

NOTATION
Ay normel acceleration factor, g units
f frequency, cps
Fy elevator gtick force, 1b
G Gy(f) = kf: ly(t)—=F] [y(t+7)=F] cos (2rfT) &T, power spectral
density, (units of y)2/cps

g acceleration of gravity, ft/sec2
hp pressure saltitude, £t
M Ma.ch number
s G/o'2, normaelized power spectral density, per cps
t time, sec
Xg elevator stick deflection, measured at stick grip, In.
B elevator deflection, deg
A A( ) 1indicates changes in ( ) from trim value
€ pitech aim error, mils
o Oy =/ [y(t)=y ]2_, standaré. deviation, lmit.s of y

n
(_)_ ¥ =% Zyl, nean, units of y

= . -
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TEST EQUIPMENT, PROCEDURES, AND METHOD OF ANAIYSIS

Test Equipment

An F-51H sirplane, equipped with & Navy Mark 8 Mod 5 fixed optical
sight (identical to the one described in reference 1), was used as a
test vehicle. The airplane was provided with a control-stick assembly
that was modified by the addition of linkages connected by a lesd screw
drive so that the ratioc of control—stick to elevator deflections could
be veried in flight from approximately hslf to twice normel. In addition,
various amounts of ballest were added to the tall compartment in order to
very the maneuvering elevator—angle gradient. By using various combins—
tions of stick—to—elevator—deflection ratios and ballast the range of
maneuvering stick—force and stick—deflection gradients shown on figure 1
was cbtained. TIn providing the sbove modifications, & direct mechanical
link between the stick and elevator was maintalned so that whatever stick
forces were present were primarily a result of the elevator hinge moments,
as 1s the case for the normal F—51H airplene and other alrplanes not
equipped with fully powered controls.

-

Test Procedures

The standsrdized gunnery meneuver described in reference 1 was used
for the present tests. In this maneuver the fighter tracks the target at
a range of approximately one thousand feet in straight and level flight
for a period of gbout thirty seconds, after which the terget breaks as
rapidly as possible into a steady turn of a given normal acceleration and
the fighter again trackes the target for about thlrty seconds afiter steady
conditions have been reached. In this report no data concerning the
transition region from steady straight to steady turning tracking have
been presented. In general, as was found for the normal F51 configura—
tion in reference 1, the transition regions were of short duration with
only slight increases in the alm wander over the complete range of
control—system parameters covered. In addition, since the resulits of
. reference 1 indicated very little variation of sim wander with speed,
altitude, and normal acceleration in the turn, the majority of the data
for the present tests were taken at a Mach number of 0.5, an altitude of
20,000 feet, and a target turn of approximately three g. Also, since
the results of both references 1 and 2 indicated very little variation
of aim wander in smooth alr with the alrplsne dynamic response character—
istics, it was felt that the varilation of longitudinsl perlod and damp—
ing due to the variation In static margin in the present tests would not
significaently affect the results. The period, computed from wind—tunmel
derivatives, varied from 1.7 second for the normal F-51H to 2.7 seconds
for the rear center—of—gravity location. The cycles to damp to half—
amplitude were computed to vary from 0.20 for the normal F-5I1H to 0.09
for the rear center of gravity.

S
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Method of Analysls

The methods of analysis discussed in reference 1 were alsc applied
to the data gathered 1n the present tests. Means, standard deviations,
end power spectral densitles of alm wander, elevator movements, and stick—
force variations during tracking In steady straight and steady turning
flight were computed using IBM electronlc equipment. '

In computing the spectral demsities, corrections for the effect of
the mean on the low frequency polnts were applied. Thls was done because,
with the method of computation used (ref. 4), the effect of the mean is
carried over to the second frequency point and tends to obscure the low
freguency content of the wander about the mean. This 18 especlally true
of the elevator-movement and stick—force spectra for the steady turns
where relatively large means occur.

The results are plotted ss normelized power spectral denslties.
This is done in order to emphaslze the releative variation in frequency
content between rums, since 1n some casges the levels of the spectral
densities for ildentical conditions asre quite different due to differ—
ences 1n the standard deviation. The normallized spectral density 1s:

s =% | (1)

g2

The area under S equals unity and the actual spectral demsity (with
the effect of the mean suppressed) can be obtained by multiplying the
ordinates by the square of the standard deviation.

RESULTS AND DISCUSSION

Means and standard deviations of aim wander, elevator movement, and
gtick—force variatlon for the varlous test conditions are listed in
table I. On figure 2 are plotted standard deviatlons of pitch aim wander
as a function of both stick—force gradient and stick—deflection gradient.
It can be seen that there is no significant variation of aim wander with
these quantitles over the range covered in the present studies.

On figure 3 are plotted the standard deviations of elevator move—
ment and on figure 4 are the standerd deviations of stick—Fforce varia—
tlon. It cen be seen that, llke the aim wander, there 1s very little
systematlc variation of elevator movement with elther stick—force or
stick—deflection gradient. However, the standard deviations of stick—
force variation, 1f separated according to center—of-—gravity position,
apparently increase systematically with stick—force gradient and decrease
with stick—deflection gradient., This can be explained by considering
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the control friction involved. For the normal F51H control— to elevator—
deflection gearing, 3 pounds of control frictlon are present, as felt at
the stick grip. As the gesring 1s varled, the control friction varies in
inverse proportlon to the gearing. Since at both center—of—gravity posi-—
tions the control—stick— to elevator—deflection gearing is 2.20 times the
normel gearing for the polnts of maximum stick—deflection gradient and
0.46 times the normel gearing for the points of minimum stick—deflection
gradient, the corresponding control frictions are 1.36 pounds and 6.52
pounds, respectively, Figure 5, in which the control—force gtandard
deviations are replotted versus control frictilon, clearly shows the effect
of the amount of control friction on the stick—force standsrd deviations.
However, since & large portilon of the stick~force variations lie within
the friction band, the same trend does not carry through to the elevator
motions (fig. 3) or to the aim wander (fig. 2).

It should be emphasized that the control system used in these tests
was conventional 1n the sense that a direct link existed between the
control stick and the elevator. The friction was due to control csbles,
fittings, etec. The test results would not necessarily apply to a system
with powered controls, especially if the friction forces should arise
in a hydraulic control valve. Reference 5 compares the effects on the
general handling gualities of various types of friction and breakout force.

Apparently, a human pilot can readily adept himself to variations
in control characteristics so that he applies whsatever stick forces and
deflectlions are necessary to maintain esmall alm wander. It should be
pointed out that the lower force gradients tested were definitely con—
sidered unsatisfactory by the pilot from a general handling qualities
point of view (and are outside the satisfactory limits as set forth in
reference 3). Nevertheless, even though the pilot felt it required
more concentration and effort to track at these conditions, excellent
accuracy was obtained. OFf the variocus conditions tested, the pilot
commented most favorably on & stick—force gradient of 1.2 pounds per g
end a stick—deflectlon gradient of 0.70 inch per g. Note that this is
the largest stick—deflectlon gradient tested and that a minimm of con—
trol friction 1s present. However, 1t should be pointed out that this
condition should not be considered an optimm since points lying between
the test extremes were not investigated.

In an effort to correlate the pliot's oplnions with experimental data,
spectral densitles of elevator movement and stlck-force varistions, in
addition to the almwander spectral densities, were computed. It was
felt that perhaps significant varlations in the Pfreguency content of the
control movements would occur which would be indicetive of variations in
the pilott's effort. Figures 6, T, and 8 are normslized spectral densities
of aim wander, elevator movement, and stick—force variation for two repre—
sentative steady turning runs. Figures 9 through 12 are normalized spec—
tral densities of elevator movement and stick—force varilatlon for several
extreme values of test conditions. In general, there is l1little significant



6 S NACA RM A54I28

variation in the results. It 1s seen that varistions between runs at the
same conditions are as large as variatlons between conditions. In addi-—
tion, no correlation between the ghape of the curve (i.e., whether the
emplitude falls off steadlly wilth increasing frequency or whether i1t pesks
at an intermediste frequency) and the resulting standard deviation of aim
wander was found. Apparently, the variatlons in control-system parameters
covered In the tests had no significant or consistent effect on the behavior
of the pllot, even though they affected his opinions on the effort required
to track. He could track with excellent accuracy whether it required more
or less effort on his part.

CONCLUSIONS

The results of the investigation 1ndicated that:

1. Over a range of stick—force and stick—displacement gradients of
0.2 to 5.9 pounds per g and 0.07 to 0.70 inch per g, respectively, excel—
lent tracking, with standard deviations of pltch aim wander of less than
2 mils, could be accomplished.

2. Over the range of control-system parameters investigated, spectral
densities of control-surface movement and stick—force variastion indicated
no systemetlc varletion of the pllot's behavior or method of control.

Ames Aeronsutical leboratory
National Advisory Committee for Aeronsutics
Moffett Field, Calif., Sept. 28, 195k
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TABLE I.— MEANS AND STANDARD DEVIATIONS OF PTITCH AIM WANDER,
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Figure l.— Varigtion of longitudinal control parameters.
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Figure 2.— Average standerd deviations of aim wander.
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Figure 3.— Average standsrd deviations of elevator movement.
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Figure 4.— Average standerd devietions of control—force variations.
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Figure 5.— Average standard deviations. of control—force variations.
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Figure 6.— Normalized spectral densities of aim wander in steady
turning tracking.
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Figure T7.— Normalized spectral densities of elevator movement in
steady turning tracking.
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Axs /DA, =" .16
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Figure 8.— Normalized spectral density of stick—force variation in
steady turning tracking.
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Axg /DA, = .07
1.6

3g, % = Lil
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(®) -ﬁ=====
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Figure 9.- Normalized spectral densltles of elevator movement in
steady turning tracking with low control gearing.
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M=05, h,=~20,000 ft
AFs /AA, = 110
Ax, /DA, = 07
1.6
12

[

O | 2 3 4q 5
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Figure 10,- Normsllzed spectral densities of stlck-force variation in
steady turning tracking with low control gearing.
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Figure 11.- Normalized spectral densities of elevator movement In
steady turning tracking with high control gearing.
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Figure 12.- Normallzed spectral denslties of stick-force varlation
in steady turning flight wlth high control gearing.
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